One of the major obstacles to success in non-viral gene therapy is transcriptional silencing of the DNA vector. The mechanisms underlying gene silencing/repression in mammalian cells are complex and remain unclear. Because changes in chromatin structure and, in particular, histone modifications are involved in transcriptional regulation of endogenous genes, we hypothesized that changes in the pattern of histone modifications were related to the observed transcriptional silencing of exogenous DNA vectors. We used antibodies against specific modified histones to perform chromatin immunoprecipitation (ChIP) analyses on liver lysates from mice transfected with two types of plasmids: (i) DNA minicircles (MCs) devoid of bacterial plasmid backbone DNA, which showed marked persistence of transgene expression, and (ii) their parental plasmids, which were silenced over time. Silencing of the transgene from the parental vectors was accompanied by an increase in heterochromatin-associated histone modifications and a decrease in modifications typically associated with euchromatin. Conversely, the pattern of histone modifications on the MC DNA was consistent with euchromatin. Our data indicates that (i) episomal vectors undergo chromatinization in vivo, and (ii) both persistence and silencing of transgene expression are associated with specific histone modifications.
introduction
Gene transfer as a therapeutic strategy for the treatment of diverse human diseases requires the ability to achieve persistent and efficacious levels of gene expression in vivo. Traditionally, most gene transfer protocols in animals and humans have been performed with viral-based vectors but the use of non-viral based vectors is an alternative that is gaining in popularity. In addition to having low toxicity these vectors are stable and autonomous in vivo, forming episomes without integration into the host genome. 1, 2 One obstacle that has been encountered with episomal vectors has been silencing of the ectopic gene in quiescent tissues. 1, 2 It is believed that if this limitation can be circumvented, gene transfer using non-viral episomal vectors will have tremendous therapeutic potential.
In eukaryotes, genomic DNA is tightly associated with histones and other nuclear proteins to form chromatin. 3 Depending on the level of compaction or state of the chromatin, the DNA is either accessible or inaccessible to trans-acting factors that carry out fundamental nuclear processes such as gene transcription, repair, or silencing. 4, 5 A key molecular mechanism for regulating chromatin accessibility is achieved by dynamic post-translational covalent modification of the N-terminal tails of histone proteins. Examples of such modifications include acetylation, methylation, phosphorylation, and ubiquitination. 4, 5 Certain combinations of these modifications have a profound impact on transcriptional regulation. 5 The recognition of the dynamic interplay between such histone modifications led to the "histone code" hypothesis. The hypothesis is that specific patterns of histone modifications are recognized by different DNA and chromatin effector molecules, and that these activities in turn initiate downstream pathways such as gene silencing. 6 In this way, molecular structures on chromatin are translated by the histone code into distinct functional outcomes. Specifically, epigenetic hallmarks of silenced or heterochromatic DNA include hypoacetylation of histone tails, histone H3 methylation at lysine residue 9 (H3K9me), and recruitment of heterochromatin protein 1-α (HP1α). 4, 5 In contrast, open or active chromatin is associated with acetylated histones as well as methylation at the lysine 4 residue of histone H3 (H3K4). 4, 5 Recent data have shown that while di-methylated H3K4 (H3K4me2) is found distributed throughout the entire gene, tri-methylated lysine 4 (H3K4me3) and acetylated K9 + K14 of histone H3 are both highly localized to the 5′ regions of transcriptionally active human genes, thereby suggesting that mammalian promoters have chromatin configurations similar to those described in yeast. 7, 8 In addition, when histone 3 phosphorylation on serine 10 and acetylation on lysine 9/14 are present, H3K9 methylation cannot occur and HP1α is not recruited, thereby suggesting that phosphoacetylation of histone H3 could be a general mechanism allowing the cell to overcome HP1α-mediated transcriptional repression. 9, 10 While a great deal of progress has recently been made in understanding gene silencing mechanisms in the context of chromatin structure on genomic DNA, there is virtually no information regarding the nature of chromatin structure on exogenously added episomal DNA in the tissues of whole animals, and its impact on gene transfer.
In previous work, through several in vitro and in vivo alterations of DNA components in both the expression cassette and the bacterial backbone, we and others have demonstrated that sequences present in episomal vectors that originate from bacteria, and that are linked covalently to the expression cassette, play a critical role in transcriptional silencing of transgenes in vivo. [11] [12] [13] [14] [15] [16] Nonetheless, in order to overcome silencing, we have developed vectors devoid of bacterial DNA sequences, named minicircles (MCs), that display more robust and stable gene expression in vivo compared with the parental plasmid vector. 15, 17 On the basis of these findings, we hypothesize that the chromatinization in these non-viral vectors will affect the pattern of expression and will have an impact on gene transfer/therapy by packaging the episomal DNAs into a different euchromatic/heterochromatic state.
Thus, in this report we aim to identify important chromatin modifications in an attempt to begin to explain the mechanisms involved in regulating transgene silencing in vivo, and to unravel the molecular mechanisms by which non-viral gene transfer vectors are silenced. In the long term, this work will be helpful in developing new tools and strategies to achieve persistent gene expression in a clinical setting.
rESuLtS

Histone modification patterns in the pBSrSVhAAt plasmid-Mc system in vivo
We hypothesized that differences in chromatin structure/histone modification between the different DNA molecules might influence the silencing/activation of episomal vectors in vivo. In order to study this, we evaluated the in vivo chromatinization of episomal liver DNA from tissue lysates after administering the RSVhAAT plasmid (P) and MC system into mice (Figure 1a) . As we have previously reported, after in vivo administration of these two DNA molecules, expression from the parental vector was silenced over a period of a few weeks (Figure 1b) . In contrast, the MC RSVhAAT, which lacks bacterial plasmid backbone DNA, displayed a 100-fold higher level of transgene expression compared to the parental plasmid (Figure 1b) . In line with what we found earlier, 15, 16 no differences in the vector DNA copy number in the livers of these mice were found, thereby excluding the possibility that the differences in transgene expression observed between the experimental groups result from different amounts of vector DNA (P = 7.8 ± 1 and MC = 8.1 ± 2 human α-1-antitrypsin (hAAT)/glyceraldehyde-3-phosphate dehydrogenase relative copies). With this system in hand, we further aimed to determine whether histones associate with episomal vectors in vivo, and whether the presence of histone modifications that are predicted to accompany inaccessible chromatin structure might lead to gene silencing of these exogenous vectors in vivo. To this end, we used a battery of chromatin immunoprecipitation (ChIP) experiments to map the pattern of histone modifications in our plasmid and MC systems.
In order to determine whether the development of the histone association on episomal DNA occurs over time and is parallel to the transgene silencing/activation, we analyzed the level of euchromatin and heterochromatin markers on the DNA molecules in mice injected with the RSVhAAT plasmid and MC system, at early and late time points after DNA administration. On day 1 after the injection, we did not detect significant differences between the two DNA species isolated from mice for any of the chromatin markers analyzed (Figure 1c-f) . This possibly indicates that part of the exogenous DNA was not forming fully appropriate native chromatin, or that some of the DNA was not in the appropriate nuclear compartment required for transcription. Similar results were observed 7 days after the DNA administration when ChIP was performed for detection of several histone modifications, such as H3Ac and H4Ac (data not shown).
In contrast, 35 days after the DNA administration, mice injected with the parental plasmid RSVhAAT showed an enrichment of approximately twofold to fivefold when compared with the MC injected mice, for most of the heterochromatin markers analyzed, namely, di-and tri-methylation in lysine 9 on histone 3 (H3K9me2 and H3K9me3, respectively), di-and tri-methylation on lysine 20 of histone 4 (H4K20me2 and H4K20me3, respectively), histone deacetylase 2 (HDAC2), HP1α and the H3K9 methylase SUV39H1, the human ortholog of Drosophila gene [Su(var)3-9] associated with the promoter and complementary DNA (cDNA) coding region (Figure 1c and e) . Low levels of heterochromatin markers were also found in the MC samples, possibly due to the presence of some parental plasmid contaminants in the MC preparation. All these markers have been linked to chromatin modification and transcriptional repression (see ref. 5 ). These results were consistent with the episomal transgene silencing in vivo expression data observed in these mice.
Conversely, in similar experiments using MC DNA there was a twofold to sixfold increase compared with the parental plasmid DNA, in euchromatin histone modification markers:acetylation in histones 3 and 4 (H3Ac and H4Ac, respectively), di-and tri-methylation in lysine 4 on histone 3 (H3K4me2 and H3K4me3, respectively), di-methylation on lysine 79 of histone 3 (H3K79me2) and acetylation of lysine 9 and phosphorylation in serine 10 on histone 3 (H3K9Ac + S10P), (Figure 1d and f). These markers have been linked to euchromatin domains and transcriptional activation (see ref. 5). These results therefore suggest that persistent and sustained transgene expression is associated with an open chromatin status. chiP real-time polymerase chain reaction analysis in EF-1-α-hAAt plasmid/Mc system injected mice In order to establish that these results were not due only to a particular structure of the RSVhAAT transgene, we performed ChIP polymerase chain reaction (PCR) analysis on liver lysates using another plasmid/MC system. We injected into mice the elongation factor 1-α (EF1-α) promoter 18 driving hAAT expression in the plasmid/MC system ( Figure 2a) . As in the previous plasmid/ MC system, hAAT expression from the parental vector pBSEF1hAAT (P) was silenced over a period of a few weeks. However, www.moleculartherapy.org vol.15no.7july2007
© The American Society of Gene Therapy the MC EF1-α hAAT vector displayed an approximately sixfold higher transgene expression when compared with the parental vector ( Figure 2b ). As before, no differences were found between the experimental groups in the vector DNA copy number in the livers (P = 5.8 ± 1 and MC = 4.6 ± 1 hAAT/glyceraldehyde-3-phosphate dehydrogenase relative copies).
After performing the ChIP, the EF1-α promoter and hAAT coding sequences were quantified by real-time PCR using specific primers (depicted in Figure 2a) . As in the previous plasmid/MC system, we could not detect significant differences between the two DNA species in injected mice for any of the euchromatin/heterochromatin markers analyzed 1 day after the injection (Figure 2c-f) . However, 35 days after administration of the DNA, mice injected with the parental plasmid EF1-α/hAAT showed an increase (approximately 1.5-to 3-fold) in the heterochromatic histone markers analyzed (H3K9me2, H3K9me3, H4K20me2 and HP1α) when compared with the MC injected mice, both in the promoter and the cDNA region of the DNA molecule (Figure 2c and e). These results were also concordant with the observed episomal transgene silencing in vivo.
In contrast, higher amounts (1.5-to 4-fold) of euchromatin histone modification markers were observed on the MC EF1-α hAAT DNA (H3Ac, H4Ac, and H3K4me2), as compared to its parental plasmid (Figure 2d and f). All these results suggest that persistent and sustained expression of a transgene correlates with an open chromatin state.
chromatin profiling of persistent plasmid and Mc dnA system in vivo
For the purpose of further study, and in order to characterize the effects of chromatin modification on exogenous plasmid DNA and its correlation with gene transcription, we injected into mice a third plasmid and MC system, based on the human cellular Ubiquitin C promoter (UBI)/hAAT transgene expression cassette (Figure 3a) . In contrast to the previous two plasmid/MC models, in which the plasmid DNA was silenced a few weeks after administration, the Ubiquitin C promoter is a strong ubiquitous mammalian promoter that has been shown to maintain persistent transgene expression. 19 In fact, of the many expression cassettes tested to date, 18 this is the only one we have observed that was not transcriptionally silenced over time. As shown in Figure 3b , both plasmid (P) and MC UBI/hAAT showed very high and persistent levels of serum hAAT over 35 days, which was the duration of the experiment. As observed in the previous , from saline control mice (Sal), plasmid (P) and minicircle RSVhAAT (MC) liver lysates on days 1 and 35 after the injection. (c) qPCR of heterochromatin markers using Primer P1 (RSV promoter); (d) qPCR of euchromatin markers using Primer P1 (RSV promoter); (e) qPCR of heterochromatin markers using Primer P2 (hAAT complementary DNA (cDNA)); (f) qPCR of euchromatin markers using Primer P2 (hAAT cDNA). The data represent the mean ± SEM of three independent experiments. An "*" indicates P < 0.05 between the P35 and MC35 groups.
plasmid and MC systems, no significant differences were found between the experimental groups in the vector DNA copy number in the mice livers (P = 12 ± 3 and MC = 7 ± 2 hAAT/ glyceraldehyde-3-phosphate dehydrogenase relative copies).
Since both parental plasmid and MC showed persistent expression we hypothesized that, if chromatin modifications underlie gene transcription, euchromatin markers should be predominantly detected in both DNA molecules. As in the earlier plasmid/MC models, 1 day after the DNA administration no differences were observed between the two DNA species in injected mice in any of the euchromatin/heterochromatin markers that were analyzed (Figure 3c-f) . Not surprisingly, low levels of heterochromatin histone modification markers involved in gene repression were observed in these DNAs (Figure 3c and e) 35 days after DNA injection while very high levels of euchromatin markers were observed on both plasmid and MC DNAs [H3Ac, H4Ac, H3K4me2, H3K4me3, di-tri-methylation in lysine 36 on histone 3 (H3K36me2 and H3K36me3), and H3K79me2] in both the promoter and cDNA regions of the DNA molecule (Figure 3d and f) . All these results also indicate that persistent transgene expression correlates with an open/active chromatin state. correlation between histone modifications and gene expression in the different plasmid/Mc dnA systems In order to be able to make direct comparisons among the chromatin status of the three plasmid/MC vector genomes in the injected mice, we determined the ratio of DNA associated with H3K9me2 to that with H3K4me2 in these samples. 20 H3K9me2 and H3K4me2 have been reported to localize in heterochromatin and euchromatin domains, respectively. 5 The ratio was calculated with each primer pair (Figure 4a ) with samples obtained 1 day and 35 days after the injection. We predicted that the higher the ratio, the greater would be the degree of transcriptional inactivation. In agreement with the expression data, the silenced parental plasmid DNAs (the Rous sarcoma virus (RSV) and EF1-α cassettes) showed a markedly increased H3K9me2 to H3K4me2 ratio when compared with the corresponding MCs using the promoter (Figure 4b, left panel) or hAAT cDNA as a probe (Figure 4b, right panel) . In contrast, when analyzing the MC samples, lower ratios of H3K9me2 to H3K4me2 were observed in comparison with the parental plasmid injected mice, thereby indicating that MC associates preferentially with transcriptionally active H3K4me2. Thus, taken altogether, our results suggest that silencing of the transgene from the parental , from saline control mice (Sal), plasmid (P), and minicircle EF1-α/hAAT (MC) liver lysates on days 1 and 35 after the injection. (c) qPCR of heterochromatin markers using Primer P1 (EF1-α promoter); (d) qPCR of euchromatin markers using Primer P1 (EF1-α promoter); (e) qPCR of heterochromatin markers using Primer P2 (hAAT complementary DNA (cDNA)); (f) qPCR of euchromatin markers using Primer P2 (hAAT cDNA). The data represent the mean ± SEM of three independent experiments. An "*" indicates P < 0.05 between the P35 and MC35 groups.
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© The American Society of Gene Therapy vector was accompanied by an increase in heterochromatinassociated histone modifications and a decrease in modifications typically associated with euchromatin. Conversely, the pattern of histone modifications on the MC DNA was consistent with euchromatin.
diScuSSion
In this study we established that episomal vectors undergo chromatinization after transfection of mouse liver. Interestingly, our data strongly support the proposition that successful expression of the transgene is critically dependent on the type of chromatin structure that forms on the exogenous DNA, in a manner similar to that observed in the mammalian genome. Thus, silencing of the transgene from the parental plasmid vector is accompanied by an increase in heterochromatin-associated histone modifications (H3K9 and H4K20 methylation) and in proteins found in heterochromatin domains (HDAC2, HP1α and SUV39H1), as well as a decrease in modifications typically associated with euchromatin. Further, the pattern of histone modifications on transcriptionally active plasmid and MC DNAs devoid of any bacterial plasmid DNA sequence, is consistent with euchromatin, because increased euchromatin-associated histone modifications (H3/H4 acetylation and H3K4/36/79 methylation) were found at high concentrations. The results from these studies are consistent with the hypothesis that histone modifications underlie gene regulation on exogenous DNA and are responsible for the observed differences in transcriptional silencing/activation of plasmid/MC DNAs in vivo. These results may explain many of our other observations, including the requirement for a covalent connection between the bacterial DNA and the expression cassette for the silencing to occur. 18, 21 The mechanism of silencing appears to be primarily at the transcriptional level. This is evident from our preliminary real-time reverse transcriptase (RT) studies (not shown), that indicate large differences in the messenger RNA levels correlating with the differences in transgene product observed in MC versus parental plasmid delivery into the liver. However, we cannot, at this point, formally exclude the possibility that some other mechanism may contribute to transgene silencing.
In mammalian cells, transcriptional gene silencing is most often related to hypermethylation of the promoter region and a closed chromatin conformation associated with specific histone modifications. 4, 6, 22, 23 H3K9me and H4K20me have been associated with silencing of euchromatic genes and are typical , from saline control mice (Sal), plasmid (P) and minicircle UBI/hAAT (MC) liver lysates on days 1 and 35 after the injection. (c) qPCR of heterochromatin markers using Primer P1 (UBI promoter); (d) qPCR of euchromatin markers using Primer P1 (UBI promoter); (e) qPCR of heterochromatin markers using Primer P2 (hAAT complementary DNA (cDNA)); (f) qPCR of euchromatin markers using Primer P2 (hAAT cDNA). The data represent the mean ± SEM of three independent experiments. An "*" indicates P < 0.05 between the P35 and MC35 groups. of heterochromatin regions. 5, 22, 24 In addition, H3K9me and histone deacetylation by HDAC2 can function independent of CpG methylation to initiate the formation of heterochromatin by recruiting other non-histone proteins, primarily the complexed SUV39H1 and HP1α. 5, [25] [26] [27] For instance, HDACs, SUV39H1, the enzyme that methylates H3K9 residues 28, 29 and HP1α are tightly associated, and are found mostly in heterochromatin regions. 30, 31 Indeed, the SUV39H1 and HP1α complex stabilizes and propagates the H3K9me epitope to adjacent nucleosomes, causing the spreading of heterochromatin and resulting in gene silencing. [32] [33] [34] Similarly, increased levels of heterochromatin markers such as H3K9me and H4K20me, as well as HDAC2, SUV39H1 and HP1α, were found in our silenced plasmid systems. Therefore, on the basis of our findings and on those from previous studies on heterochromatin formation in mammalian and non-mammalian systems, we hypothesize that silencing of exogenous plasmid DNA in vivo may follow a similar pattern to that observed in other systems. Histones newly deposited after DNA administration become acetylated, and modifications may continue to occur at any time by a mechanism which is as yet unknown. 35 On the basis of our data, we predict that in parental plasmid DNA, deposited histones become deacetylated in H3K9 residues by HDAC2. Because of the association of SUV39H1 and HP1α with the HDAC complex, the H3K9 deacetylated residues become methylated by SUV39H1. In conjunction with HP1α, heterochromatin is further propagated to adjacent plasmid DNA regions in a manner similar to the one described earlier for transcriptional silencing in mammalian cells. [32] [33] [34] Therefore, inactive forms of chromatin might originate at the bacterial sequences and then spread through the plasmid molecule, resulting in gene repression/silencing over time in mammalian cells in vivo.
Conversely, and consistent with this hypothesis, MC DNA expression remains stable and persistent, maintaining the euchromatin state (denoted by increased H3 and H4 acetylation and increased levels of H3K4-36-79me). This could be because the absence of bacterial sequences might prevent the heterochromatin machinery from associating with them. Interestingly, our MC DNAs show similar histone modification patterns to those observed in DNA insulators. 36 An intriguing observation we made is that an intact plasmid DNA expressing the same hAAT transgene under the control of the Ubiquitin promoter C was not silenced over time, and had a euchromatin profile similar to the MC DNA. A likely explanation could be that this promoter contains several recognition sites associated with the transcriptional activator Sp1 and other transcription factors that serve as dominant chromatin marks. 19 It has been shown that Sp1 is associated with histone acetyl transferases 37 which, in turn, are able to maintain the original euchromatin mark.
The mechanism/s that trigger the chromatin remodeling/ structure machinery (HDAC2, etc.) to turn euchromatin (active) into a heterochromatin (repressed/silenced) state are not known. There are several factors that could contribute to triggering the gene silencing response observed in the exogenous DNA. These include nucleosome positioning/phasing; 38 RNAi-mediated gene silencing; 39,40 nuclear positioning; 21, 32 and/or CpG methylation. 41 In addition, it has been shown that characteristic prokaryotic sequences (i.e., GC/AT ratios) might be rapidly sensed by unknown host defense molecular mechanisms, and that this may facilitate discrimination between exogenous and endogenous DNA by associating inactive forms of histone molecules on the plasmid DNA. 20, 42 Moreover, we cannot rule out the roles played by other factors in the gene silencing mechanism; for instance, binding of histones to episomal or exogenously delivered DNAs may not be able to form a fully appropriate native chromatin. Further experiments will be required in order to address these questions.
In summary, we have identified and characterized the histone modifications on exogenously administered episomal plasmid and MC DNAs in vivo. Understanding the mechanism/s by which changes in chromatin remodeling/structure are involved in transcriptional gene silencing is a fundamental prerequisite to unraveling the mechanism of transcriptional regulation in mammalian systems. Ultimately, this will lead to future research efforts aimed at increasing the persistence of transgene expression in vivo through regulation of this pathway.
MAtEriALS And MEtHodS
Vector construction, DNA preparation and antibodies. Construction of the plasmids and corresponding MCs pBShAAT, a pBluescript KS+ (Stratagene, La Jolla, CA) containing the hAAT cDNA under the control of the Rous sarcoma virus (RSV) long terminal repeat promoter, and pBSEFhAAT, a pBluescript KS+ containing the hAAT cDNA under the © The American Society of Gene Therapy control of the EF1-α promoter has been previously described. 18 To prepare the pBSUBIhAAT plasmid, containing the hAAT cDNA under the control of the Ubiquitin C promoter (UBI), we first generated an intermediate plasmid (pKBHhAAT) by replacing the KpnI-HindIII fragment encoding the RSV promoter in pBShAAT with a PCR primer embedding a BglII site. The final pBSUBIhAAT plasmid was constructed by inserting the BglII-HindIII fragment of pUB6/V5-His (Invitrogen, Carlsbad, CA), encoding the UBI promoter into the BglII-HindIII site into the pKBHhAAT plasmid. To further generate the MC UBIhAAT, the XhoI fragment from the pBSUBIhAAT plasmid containing the whole transgene cassette was inserted into the XhoI site of the pBADφC31, resulting in the intermediate MC precursor pBADφC31.UBI. Preparation and purification of MC DNA was performed as described previously. 15, 17 In brief, MCs were generated in bacteria from a parental plasmid containing a φC31 integrase gene, the I-SceI endonuclease and its target site, and the different hAAT expression cassettes with attB and attP sites. After the attB and attP recombination and subsequent linearization and degradation of the plasmid bacterial backbone in bacteria, the MCs were then isolated by routine plasmid purification procedures. 15, 17 After the purification, more than 85% of the product was the expected supercoiled MC DNA (data not shown).
Plasmid DNA was amplified in DH10B (Gibco BRL, Gaithersburg, MD) cells and purified by using Qiagen (Valencia, CA) endotoxin-free kits. All plasmid preparations were filtered through a 0.22-µm syringe filter unit and were dialyzed against TE for 24 hours before in vivo administration.
H3Ac, H4Ac, H3K9Ac + S10P, H3K36me2, H4K20me2, HP1α, SUV39H1 and H3 antibodies were purchased from Upstate Biotechnology (Lake Placid, NY). H3K4me2 (ab7766), H3K4me3 (ab8580), H3K36me3 (ab9050), H3K79me2 (ab3594), H3K9me2 (ab7312), H3K9me3 (ab8898), H4K20me3 (ab9053), and HDAC2 (ab7029) antibodies were purchased from Abcam (Cambridge, MA). Non-specific rabbit immunoglobulin G antibody was purchased from Rockland (Gilbertsville, PA).
Animal studies. We obtained 6-to 8-week-old C57BL/6 mice from Jackson Laboratory (Bar Harbor, ME). We delivered 20 µg of parental plasmids and their corresponding equimolar amount of MC to mouse livers by using a hydrodynamics-based technique. The amount of plasmids and MCs was determined based on the molecular weight of the DNA molecule, such that the mice would receive the same number of molecules in comparable groups. This hydrodynamics-based technique was used because it is the most efficient way to deliver DNA into hepatocytes of experimental animals in vivo. 2, 43 We collected mouse blood periodically using a retro-orbital procedure and determined serum hAAT by enzyme-linked immunosorbent assay (ELISA) as described earlier. 15 The National Institutes of Health and Stanford University Animal Care Guidelines were followed at all times.
Mouse liver plasmid ChIP analysis. We developed a protocol to immunoprecipitate plasmid DNA from liver lysates. The protocol was an adaptation from 44, 45 with modifications. Briefly, mice were sacrificed by CO 2 asphyxiation 1 day or 5 weeks after the plasmid and MC DNA injection, and livers were dissected and Dounce homogenized in 10 ml of Dulbecco's modified Eagle's medium supplemented with 10 mmol/l sodium butyrate and protease inhibitors (Roche Molecular Diagnostics, Pleasanton, CA), followed by addition of 1% formaldehyde (Fisher Scientific, Pittsburgh, PA). Fixation proceeded for 15 minutes at room temperature. The reactions were quenched by addition of 125 mmol/l glycine. After centrifugation (2,000 rpm for 5 minutes), samples were washed two times with phosphate-buffered saline (supplemented with 10 mmol/l sodium butyrate and protease inhibitors), resuspended in nuclei lysis buffer (50 mmol/l Tris-Cl, pH 8.0, 10 mmol/l EDTA, 1% sodium dodecyl sulfate, protease inhibitors), incubated 30 minutes on ice and sonicated with a Fisher Scientific sonifier mounted with a microtip for four 20-second pulses (output, 20%). Crosslinked chromatin was purified on a CsCl step gradient (1 ml of 1.75 g/ml, 1 ml of 1.5 g/ml, and 1 ml of 1.35 g/ml CsCl in 0.5% N-lauroylsarcosine and 1 mmol/l EDTA, pH 8) in a Beckman SW55 rotor for 19 hours at
